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We report a coherent nonlinear optical signature of the excited states of two quantum dots. By
comparing the nonlinear spectra with the linear photoluminescence excitation spectrum, a clear
identification of excited states is possible. ©2004 American Institute of Physics.
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Zero-dimensional confinement achieved in semiconduc-
tor quantum dots~QDs! leads to a delta-function-like density
of states. Early linear experimental optical studies based on
photoluminescence excitation~PLE! identified the discrete
spectra and identified states which are likely to be part of the
excited state manifold.1–4 However, PLE resonances could
arise from interdot relaxation which also has been identified
in coherent nonlinear optical~CNO! studies.5,6 The identifi-
cation of excited states requires CNO techniques that can
differentiate between energy transfer from a higher-energy
state of one QD to a lower-energy state of a second QD and
the case where both states are in the same QD. CNO spec-
troscopy is able to identify excited states of a particular QD.
In this letter, we use nondegenerate CNO spectroscopy to
improve our confidence in identifying excited states. This
knowledge is important not only to provide a more complete
understanding of the physics of these QDs but excited state
luminescence has also been critical in read-out experiments
to identify the quantum state of the system.7
The GaAs QD sample used in this study is naturally
formed by interface fluctuations and is discussed in detail in
Ref. 1. The zero-field selection rules are linear due to island
elongation along the@ 1̄10# axis (Px polarization is defined
as being aligned along the direction of elongation!.4
The photoluminescence~PL! spectrum for the apertured
sample is shown in Fig. 1~lower trace! for excitation at
;1631 meV. The excitation field isPx polarized. In the PL
spectrum, two states of interest, A and B, are indicated by the
arrows in Fig. 1. The spectrometer is set at each of the two
arrows, and the PLE spectra of these states is measured. Fig-
ure 1 displays the two spectra with the open~solid! circles
representing the PLE from state A~B!, and the spectra are
offset vertically for clarity. Similar spectra result whenPy
polarized excitation is used~data not shown here!. The dis-
crete lines seen in the PLE spectra are similar to what has
been reported recently1–4 as the excited states of single QDs.
Following the work done in Ref. 5, the CNO signal is
obtained using two independently tunable, frequency stabi-
lized ~to ;1 MHz), continuous-wave fields with a mutual
coherence bandwidth of;3 MHz. Each of the two fields
@E1(V1) andE2(V2)] is amplitude modulated at a different
frequency so that the CNO signal, created by the third-order
polarization of the formEi* EiEj , is homodyne detected with
field Ej at the difference frequency of the modulators. Unlike
PLE which is typically associated with linear absorption, the
CNO response can report on much more complex behavior
including optically induced coherence,8 interdot inter-
actions,6,9 and intradot coupling~this work!.
In the degenerate studies (V15V2), the CNO spectrum
identifies the individual resonances. In the nondegenerate
studies,V1 is tuned to one of the resonances,V2 is scanned
over the spectrum, and the CNO response is homodyne de-
tected with either or both of the transmitted fields. In the
nondegenerate response, one can identify both the saturation
of the resonantly excited state and interactions between
states.
For this system of ground and excited state excitons, two
ground state excitonsu01& and u10& and two excited state
excitons u01&8 and u10&8 can be excited from the crystal
ground stateu00& using eithers2 ~dashed! and s1 ~solid!
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FIG. 1. PL and PLE spectra. The PL spectrum~lower trace! is compared
with the PLE spectra of resonances A~open circles! and B ~closed circles!.
The narrow resonances confirm the discrete QD spectrum.
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polarized fields as shown in Fig. 2~a!. The notationu i j & iden-
tifies which of the two electrons (mj563/2) is excited from
the crystal ground state.
The model for cross-polarized excitation fields withE1
resonant withu01& andE2 resonant with theu10&8 is shown in
Fig. 2~b!, analogous to the model described in Ref. 8 but
with the ground and excited exciton states as levelsu01& and
u10&8, respectively, and the two-exciton state made up of
these two single exciton states. Similar to the results of Ref.
8, a peak will occur in the CNO signal that is homodyne
detected withE2 only when a Coulomb interaction occurs
between the two single excitons. The following theory dem-
onstrates that these results can be interpreted independently
of an energy transfer model, leading to the conclusion of the
resonant excitation of the excited state of a single QD.
To compare the CNO spectral features that distinguish
between a resonant phenomenon and energy transfer, the
third-order CNO response homodyne detected withE2 is cal-
culated for both cases using the density matrix formalism in
the rotating-wave approximation.10 a andb are two excitons
with va,vb where v i is the energy of excitoni. In the
calculation, nearly degenerate~within the linewidth! or-
thogonal exciton states are included to keep the model con-
sistent with the states occurring within a QD. The results are
shown in Fig. 3.
The degenerate spectrum fora and b is shown in the
lowest trace of Fig. 3. The upper two spectra@Figs. 3~a! and
3~b!# show the nondegenerate CNO response for the case
wherea andb are related through energy transfer fromb to
a. The arrows in Fig. 3 indicate the position ofE1 in each
case. A CNO response is measured atE1 in each spectra due
to the presence of the nearly degenerate orthogonal exciton
states. To study the relationship betweena andb, the CNO
response is examined atb when E1 is resonant witha and
vice versa. WhenE1 is resonant with the higher-energy state
b, the CNO signal is also measured ata. However, whenE1
is resonant with the lower-energy statea, no response is
measured atb. A clear dependence of the CNO response on
the position ofE1 is seen.
The spectra in Figs. 3~c! and 3~d! indicate the CNO re-
sponse whenb is the excited state ofa with the arrows
showing the position ofE1 . The CNO response occurring at
E1 results from the nearly degenerate orthogonal exciton
state, and the relationship betweena andb is understood by
studying the CNO response that occurs away fromE1 . In the
excited state case, positive CNO signal occurs independent
of the position ofE1 .
Comparing the two spectra withV1,V2 @Figs. 3~b! and
3~d!#, the lack of CNO signal in Fig. 3~b! indicates the pres-
ence of energy transfer, whereas the existence of CNO signal
in Fig. 3~d! indicates the resonant behavior of an excited
state. Therefore, nondegenerate CNO spectroscopy withV1
,V2 is useful to distinguish between energy transfer and
resonant excited state behavior.
Shown in Figs. 4~b! and 4~d! are the experimental non-
degenerate CNO spectra forE1 fixed at a ground state~A or
B from Fig. 1 as indicated by the arrows! and E2 scanned.
The data are taken using linearly cross-polarized excitation
fields, and the CNO signal is homodyne detected withE2 . In
each of the two spectra, a peak appears at higher energy
(;3 meV) thanE1 . These peaks, labeled A8 and B8 are
FIG. 2. ~a! Ground state excitonsu01& and u10& and excited state excitons
u01&8 andu10&8 can each be excited from the crystal ground stateu00& using
s2 ~dashed! or s1 ~solid! polarized light.~b! Experimental configuration
for cross-polarized fields where selection rules allow for the formation of a
two-exciton~2X! state at an energyD from the two-exciton~2X! energy.
FIG. 3. Comparison of theoretical calculations.~e! The degenerate CNO
spectrum showing the two resonances.~a! and ~b! are the nondegenerate
spectra for energy transfer~ET! from b to a with the arrows indicating the
position ofE1 . In this case, CNO signal occurs at a lower energy thanE1 .
For the case whenb is the excited state~ES! of a, the two spectra are
identical whetherE1 is resonant with~d! a or ~c! b. Therefore, nondegen-
erate CNO spectroscopy withV1,V2 can be used to distinguish between
energy transfer and excited state behavior. The positive signal atE1 is due to
the CNO response from nearly degenerate orthogonal exciton states.
FIG. 4. Comparison of the PLE and CNO spectra for two states A and B.
The arrows indicate both the position ofE1 for the CNO experiments and
the spectrometer position for the linear experiments. For the CNO experi-
ment, the excitation fields are cross-linearly polarized, and the CNO signal
is homodyne detected withE2 . A peak appears in each of the CNO spectra
@~b! and~d!# at E1 due to the presence of the orthogonal ground state exci-
ton. A second peak at higher energy also appears (A8 or B8) which coin-
cides energetically with peaks in the linear PLE spectra@~a! and ~c!#, sup-
porting the claim of excited state. The degenerate CNO signal is shown in
~e!. Negative signal indicates interactions between QDs.
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tentatively assigned as the excited states of A and B, respec-
tively. We also note the presence of an inverted resonance,
corresponding to induced absorption, in both traces@Figs.
4~b! and 4~d!# at approximately 1622.6 meV and 1624.2
meV, respectively. This feature, similar to the biexciton sig-
nature discussed earlier,11 is clearly not accounted for in the
model above. We believe it is due to interdot coupling to be
discussed in detail elsewhere.9 Also noted in the two spectra
are additional positive peaks that occur near resonances A
and B. These peaks indicate the presence of the second
ground state exciton~of opposite pseudo-spin! which have
already been studied and discussed elsewhere.8
To confirm the excited state claim, the nondegenerate
CNO signal is compared with the linear PLE@Figs. 4~a! and
4~c!# for B and A, respectively. At the same spectral position
as the peak seen in the nondegenerate CNO spectra, a peak
appears in the PLE spectra for both resonances~ ircled area!.
We believe that this is a strong indication that the particular
peak seen in the nondegenerate CNO signal is nonlinear ex-
perimental evidence of an excited state of a single QD.
For both A and B, there were other resonances in the
PLE spectra which did not have a detectable CNO signal.
Based on the above discussion, this lack of a CNO signal
indicates the absence of an interaction between the two ex-
citons, such as Coulomb coupling. This difference, then, be-
tween PLE and the CNO response may indicate that the PLE
resonances arise from energy transfer from a second dot, as
we reported earlier.5,6
Identifying the CNO signature of the excited state ex-
tends the experimental demonstration of the predictions of
the master equations for the low-dimensional electronic sys-
tems and further confirms their similarity to the atomic sys-
tems. These results will also be important if excited states in
QDs become useful in the read-out process in quantum com-
puting as discussed by Di Vincenzo and Loss12 and demon-
strated by Monroeet al.7
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